Gastric cancer has one of the highest cancer mortality rates worldwide, largely because of difficulties in early-stage detection. Aberrant glycosylation in serum proteins is associated with many human diseases including inflammation and various types of cancer. Serum-based global glycan profiling using mass spectrometry has been explored and has already led to several potential glycan markers for several disease states. However, localization of the aberrant glycosylation is desirable in order to improve the specificity and sensitivity for clinical use. Here, we combined protein-specific immunoaffinity purification, glycan release, and MS analysis to examine haptoglobin glycosylation of gastric cancer patients for glyco-markers. Age-and sex-matched 60 serum samples (30 cancer patients and 30 healthy controls) were used to profile and quantify haptoglobin N-glycans. A T-test based statistical analysis was performed to identify potential glyco-markers for gastric cancer. Interestingly, abundances of several tri-and tetra-antennary fucosylated N-glycans were increased in gastric cancer patients.
Introduction
Gastric cancer is one of the most commonly occurring cancers and has the highest overall mortality rate worldwide because it has no specific symptoms in its early stage. 1 Reported causative factors of gastric cancer include Helicobacter pylori infection, cigarette smoking, and diet. 2 Serum markers such as a pepsinogen I/II ratio, carbohydrate antigen 19-9 (CA19-9), and carcinoembryonic antigen (CEA) have been widely used for gastric disorders in clinics. 3, 4 However, the serum-based tests are limited in the diagnosis of gastric cancer due to their lack of sensitivity and specificity. For example, the ratio of serum pepsinogen I/II usually indicates levels of atrophic gastritis as well as gastric cancer, which could be changeable according to the infection of H. pylori. 5 CA19-9 and CEA are applicable only for the recurrence of gastric cancer, not for the initial diagnosis. 6 Therefore, many researchers are now on the hunt for new types of biomarkers for gastric cancer diagnostic tests. [7] [8] [9] [10] Glycosylation, which plays a central role in many biological processes is of particular interest because about 50% of all proteins are glycosylated. 11, 12 Glycans are synthesized by sequential processes involving more than 200 glycosyltransferases following covalent attachment of glycans to a carrier molecule (e.g., polypeptide, lipid, or other organic compound). 13 Glycosylation changes have been reported in a wide variety of human diseases, including immune disorders and cancers. [14] [15] [16] While general profiling of serum N-glycome has already revealed potential biomarkers for various types of cancer, [17] [18] [19] a targeted glycoproteomic approach is needed for cancer diagnosis with high sensitivity and high specificity. [20] [21] [22] [23] [24] For example, AFP-L3 (core fucose of alphafetoprotein) has been discovered as a specific glycosyl residue for hepatocellular carcinoma (HCC) with increased sensitivity in early stage HCC patients compared to AFP, which is used in clinical practice. [25] [26] [27] Haptoglobin consisting of two a-subunits and two b-subunits is a major acute phase glycoprotein comprising of 0.4-2.6% total blood proteins. 28 This glycoprotein binds hemoglobin released from erythrocytes and recovers an oxidative activity degrading hemoglobin-haptoglobin complex in the liver. 29 It also has catalytic and antibacterial capacities in controlling the acute-phase response and plays a role as a natural antagonist for receptor-ligand activation in the immune system. 30, 31 Haptoglobin is a highly sialylated glycoprotein with four N-glycosylation sites at Asn 184, 207, 211, and 241. 32, 33 It has gained considerable attention because of its potential as a signature molecule to display aberrant glycosylation in inflammatory disorders (e.g., liver cirrhosis, pancreatitis) and various types of cancer (e.g., of colon, lung, liver, prostate and pancreas). [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] In this study, we developed a targeted glycoproteomic approach using chip-based nano LC-QTOF MS and MS/MS following antibody-assisted targeted purification to discover glycan signatures of serum haptoglobin for gastric cancer. Initially, we performed lectin blotting of whole serum glycoproteins. Thus, haptoglobin from cancer serum samples displayed significantly higher levels of fucosylation and branching, indicating that this glycoprotein was associated with gastric cancer. Haptoglobin was selected for more detailed examination, and was thus purified from healthy control (n = 30) and gastric cancer patient (n = 30) serum samples using immunoaffinity chromatography. Haptoglobin glycans were enzymatically released, enriched, and profiled via PGC nanoLC/MS and nanoLC/MS/MS. T-test based statistical analysis was performed to identify the potential glycan signatures for gastric cancer. MS profiling of haptoglobin N-glycans was consistent with lectin blotting results. We could further obtain a specific structure of fucosylated molecules that are potential glyco-markers for gastric cancer via LC/MS/MS. The current study demonstrates that glycomic profiling of targeted serum haptoglobin via LC/MS and LC/MS/MS may be used as a powerful platform to monitor the specific glycosylation associated with gastric cancer.
Experimental

Materials and reagents
Four biotinylated lectins were purchased from Vector Laboratories (Burlingame, CA, USA). Commercial human serum and ExtrAvidin Peroxidase were purchased from Sigma (St. Louis, MO, USA). The Rabbit anti-human Hp antibody (Ab) was obtained from Dako (Carpinteria, CA, USA). Goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). CNBr-activated Sepharose 4B was acquired from Amersham Bioscience (Minneapolis, MN, USA). Peptide N-glycosidase F was purchased from New England Biolabs (Ipswich, Suffolk, UK). Graphitized carbon cartridges were purchased from Thermo Fisher Scientific (Runcorn, Cheshire, UK). MS calibrant solution (ESI-TOF Calibrant Mix G1969-85000) was procured from Agilent Technologies (Santa Clara, CA, USA). All other reagents were of analytical grade or higher.
Serum samples from gastric cancer patients and normal subjects
Serum samples of patients with gastric cancer stage IV (n = 30) and healthy control (n = 30) were used (Table S1 , ESI †). To explore the target glycoprotein for gastric cancer, a small set of serum samples were used (gastric cancer patients each at stage I-IV (n = 4) and a healthy control (n = 2)). The research design was approved by the Ethics Committees of the participating hospitals, Samsung Medical Hospital, Seoul, Republic of Korea (IRB# SMC2015-07-146-001) and Korea Advanced Institute of Science and Technology, Daejeon, Republic of Korea (IRB# KH2010-15). To determine the stage and type of cancer, the patients were examined and diagnosed on the basis of a biopsy by pathologists. Informed consent forms were obtained from all of the subjects. Serum samples were kept at an À80 1C freezer until processing.
Lectin blotting and western blotting
Serum samples of 0.5 mL was subjected to electrophoresis on 10% and 12.5% SDS-PAGE gels, transferred to a PVDF membrane (Millipore), and blotted with each of the four biotinylated lectins displayed in Fig. 1C . The membrane was blocked with 5% BSA in T-TBS (TBS [140 mM NaCl, 10 mM Tris-HCl, pH 8.0]/0.05% Tween 20) for 1 hour at RT, rinsed 3 times with T-TBS for 5 minutes, incubated with 1 : 1000-5000 diluted biotinylated lectin in T-TBS overnight in a cold room, rinsed 3 times with T-TBS, incubated with 1 : 3000 diluted ExtrAvidin-Peroxidase for 1 hour at RT, rinsed 3 times with T-TBS, and developed using an ECL Supersignal kit (Pierce ECL Western Blotting Substrate, Thermo Science; Rockford, IL, USA). For loading quantification of haptoglobin, the same blots after lectin blotting were subjected to reblotting with anti-Hp Ab. The membrane was incubated with a stripping buffer (Candor Bioscience GmbH; Weissensberg, Germany) at RT for 1 hour, rinsed 5 times with T-TBS, blocked with 5% BSA for 1 hour, immunoblotted with 1 : 50 000 diluted rabbit anti-Hp Ab overnight in a cold room, rinsed 3 times with T-TBS, incubated with 1 : 5000 diluted goat anti-rabbit IgG-HRP for 1 hour, rinsed 3 times with T-TBS, and developed with ECL solution.
In-gel protein digestion
The protein bands of interest were excised and digested in-gel with sequencing-grade modified trypsin (Promega; Madison, WI, USA) as previously described. 46 Briefly, the gel band was placed in a polypropylene (Eppendorf) tube, and washed 5 times with 150 mL of acetonitrile/25 mM ammonium bicarbonate 
Identification of proteins via LC-MS/MS
Tryptic peptides were analyzed using reversed-phase capillary HPLC coupled to a Finnigan LCQ ion trap mass spectrometer. A 0.1 Â 20 mm trapping column and 0.075 Â 130 mm resolving column were packed with Vydac 218 MS low trifluoroacetic acid C18 beads (diameter 5 mm, pore size 300 Å; Vydac, Hesperia, CA, USA). The peptides were captured by the trapping column for 10 minutes with 5% aqueous acetonitrile containing 0.1% formic acid in water (v/v), and the captured peptides were then eluted with a gradient of 5-80% acetonitrile containing 0.1% formic acid for 50 minutes at a flow rate of 0.2 mL min À1 . For MS/MS, the full mass scan range mode was m/z = 450-2000 Da. The charge states of the ions were determined on zoom scans, and the product ion spectra were generated in the MS/MS mode with a relative collision energy of 55%. The MS/MS spectra were processed using the TurboSEQUEST software program (Thermoquest, San Jose, CA). The acquired peak list files were compared with the National Center for Biotechnology Information (NCBI) database and the Microsatellite Search and Building Database (MSDB) using the MASCOT program (http://www. matrixscience.com).
Haptoglobin purification from the serum samples
Haptoglobin purification was performed using an anti-haptoglobin antibody-conjugated column. 42, 47 In brief, 450 mL serum from each subject was diluted in 4.5 mL phosphate-buffered saline (PBS: 10 mM phosphate buffer, 2.7 mM potassium chloride, 137 mM sodium chloride, pH 7.4), and then applied to the anti-haptoglobin affinity column. Unbound components were removed by washing the column with 30 mL PBS, haptoglobin was then eluted with elution buffer (0.1 M glycine, 0.5 M NaCl, pH 2.8) and fractionated into a tube containing neutralization buffer (1.0 M Tris-HCl, pH 9.0). The eluent was concentrated, the detergent was removed using a centrifugal filter (MWCO 10 000, Amicon Ultra, Millipore; Billerica, MA, USA), and assayed for haptoglobin quantification using a Quant-iT Assay Kit (Invitrogen; Carlsbad, CA, USA). To check the existence and purity of the haptoglobin, the eluent was randomly applied to a 12.5% SDS-PAGE with Coomassie Brilliant Blue staining. Each sample was lyophilized and kept at À80 1C until analysis.
Enzymatic release and enrichment of N-glycan via solid-phase extraction
Serum haptoglobin was denatured via rapid thermal cycling (25-100 1C) in an aqueous solution of 100 mM ammonium bicarbonate and 5 mM dithiothreitol. After cooling, 2.0 mL (or 1000 U) of peptide N-glycosidase F (PNGaseF) was added to release the N-glycans, and the mixture was incubated in a 37 1C water bath for 16 hours. Then, graphitized carbon cartridges were washed with 80% acetonitrile/0.10% trifluoroacetic acid (v/v) and conditioned with water. The released N-glycans were loaded onto the cartridges and washed with pure water to remove any salt and buffer residues. N-glycans were eluted through the sequential addition of 10% and 20% acetonitrile (v/v) (neutral fraction) followed by 40% acetonitrile/0.05% trifluoroacetic acid in water (v/v) (acidic fraction). The samples were dried under a vacuum prior to MS analysis.
Chip-based nano-LC/MS and MS/MS analysis
All fractions were combined and 2.0 mL (corresponding to 400 ng haptoglobin) were injected by an autosampler onto a porous graphitized carbon (PGC) nano-LC chip (Agilent). A rapid glycan elution gradient was applied to the analytical column at 0.4 mL min À1 using solutions of (A) 3.0% acetonitrile/0.3% formic acid in water (v/v), and (B) 90.0% acetonitrile/0.3% formic acid in water (v/v), ramping from 6% to 100% B over the course of 40 minutes. The remaining non-glycan compounds were flushed out with 100% B followed by re-equilibration in the final 10 minutes. MS spectra were acquired in a positive ion mode over a mass range of m/z 500-2000 with an acquisition time of 1.6 seconds per spectrum. MS/MS spectra were acquired in the positive ion mode over a mass range of m/z 100-3000 with an acquisition time of 1.6 seconds per spectrum. After the MS scan, precursor ions were selected automatically for MS/MS analysis using the acquisition software based on ion abundance and charge stage (z = 2 or 3), and isolated in the quadrupole with a mass bandpass full width at a half maximum of 1.3 m/z. Collison energies for CID fragmentation were calculated for each precursor compound based on the following equation:
Here, V collision is the voltage applied across the collision cell in order to accelerate and fragment the precursor.
N-glycan identification and data processing
Raw LC/MS data was filtered with a signal-to-noise ratio of 5.0 and analyzed into a series of extracted ion chromatograms using the Molecular Feature Extractor algorithm included in the MassHunter Qualitative Analysis software (version B.07.00 SP1, Agilent Technologies). Deconvoluted masses of each ECC peak were compared against theoretical glycan masses using a mass error tolerance of 20 ppm. As all the samples originated from human serum, only the glycan compositions consisting of hexose (Hex), N-acetylhexosamine (HexNAc), fucose (Fuc), and N-acetylneuraminic acid (NeuAc) were considered. Using Hierarchical Clustering Explorer (ver.3.5), the Pearson correlation coefficient of haptoglobin derived from commercial sera was calculated. As a statistical test, individual T-test analysis using MS Excel 2013 (Microsoft) and GraphPad Prism (ver.5) was used to examine the quantitative variables of glycan expression between the control and gastric cancer groups. [48] [49] [50] p-Values were applied with 2-tailed analysis and the difference between the two groups was considered to be statistically significant as the p-values were o0.001. The sample variables were measured using mean AE standard error.
Results and discussion
Serum haptoglobin is a well-known glycoprotein, having altered glycosylation in various diseases and cancers including human gastrointestinal (GI) cancers (e.g., colonic, pancreatic cancer). [43] [44] [45] To explore the relationships between haptoglobin glycosylation and gastric cancer, N-glycans of serum haptoglobin were profiled using the streamlined method depicted in Fig. S1 (ESI †). The main workflow includes several steps: (i) purification of serum haptoglobin via immunoaffinity chromatography in order to collect only the target glycoprotein in the serum samples; (ii) PNGaseF treatment to selectively release N-glycans; (iii) desalting in order to prevent any ion suppression during MS analysis, and enrichment of N-glycans via solid-phase extraction using a graphitized carbon cartridge; (iv) N-glycan analysis via PGC nano-LC/MS and LC/MS/MS for detailed structural elucidation; and (v) the discovery of specific glycan signatures for gastric cancer.
Glycosylation screening and purification of serum haptoglobin Serum glycoproteins from gastric cancer patients were initially profiled via lectin blotting for overarching glycosylation changes with small sample sets (patient, n = 4; control n = 2) (Fig. 1) . Four lectins recognizing each particular monosaccharide residues were used in this study (Fig. 1C) . Initial lectin blotting of whole serum glycoproteins revealed that although the overall protein abundances were similar in the control and cancer serum samples, specific proteins from the cancer serum samples were highly expressed in specific lectins. Indeed, one band with a molecular weight of B45 kDa (the dotted box in Fig. 1A ), which later proved to be the b-chain of haptoglobin, was significantly higher upon AAL lectin signals in the cancer patients vs. the controls. The AAL lectin recognizes fucose residues which are linked to GlcNAc by a1-3/4/6 glycosidic bonds associated with Lewis blood group antigens. 51 Through further protein identification using LC-MS/MS following in-gel digested by trypsin, the band having B45 kDa to display glycosylation changes in gastric cancer was revealed as the b-chain of haptoglobin with significant hits in a peptide database search (Table S2 , ESI †). Additionally, we could confirm the expression of the haptoglobin b-chain in the gastric cancer and control sera by stripping and reblotting the membrane with anti-haptoglobin antibody. Based on the lectin specificity and protein identification, our finding indicates that aberrant glycosylation in serum haptoglobin was related to gastric cancer, which displayed significantly higher levels of fucosylated N-glycans. Glycosylation of haptoglobin was further targeted for more in-depth examination using larger samples from gastric cancer patients. Serum haptoglobin derived from healthy controls (n = 30) and gastric cancer patients (n = 30) were purified via antibody-immobilized affinity chromatography (Fig. S2, ESI †) and further subjected to N-glycan profiling. As shown in Table  S1 (ESI †), stage IV gastric cancer patients with adenocarcinoma types were selectively examined for the discovery of evident glycan signatures compared with healthy control. Age and sex in both groups were also matched. In parallel, haptoglobin derived from commercial sera (n = 7) was also prepared to assure the sample preparation including immunoaffinity purification, glycan release, and MS analysis. Haptoglobin 50 mg was used for the subsequent glycan sample preparation including glycan release and enrichment. Fig. 2 shows representative extracted compound chromatograms (ECCs) of haptoglobin N-glycans found in different serum samples including the commercial standard, healthy control, and gastric cancer patient. Purified haptoglobin derived from commercial sera was analyzed with the clinical samples to validate the sample preparation and MS analysis. Commercial haptoglobin glycans analyzed using chip-based nano-LC/MS exhibited extremely high reproducibility with a Pearson correlation of R 4 0.99 on whole method replicates (Fig. S3, ESI †) . N-glycans released from serum haptoglobin were separated by their structure and polarity using PGC chip nanoLC prior to MS detection. The flow rate of 0.3 mL min
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, solutions of (A) 3.0% acetonitrile/0.1% formic acid in water (v/v), and (B) 90.0% acetonitrile/0.1% formic acid in water (v/v) have been generally used for N-glycan analysis with a PGC chip. 52 However, this condition is not suitable for serum haptoglobin, which mainly contains highly sialylated N-glycans. For better separation, chromatographic conditions including the flow rate, concentration of formic acid, and LC gradient, have been appropriately optimized.
(See the ESI † for details). In the case of N-glycans of haptoglobin in our nanoLC/MS analysis, smaller, and simpler glycans were eluted earlier, while larger, more complex glycans were eluted later. In other words, high mannose glycans are eluted earlier followed by neutral complex glycans and sialylated complex glycans. Native glycans were reproducibly profiled and characterized via chip-based nano-LC/MS and -LC/MS/MS. Using established human glycan structure/composition libraries, glycan signals were rapidly identified and sorted into biologically relevant classes and categories, such as high-mannose glycans, hybrid glycans, fucosylated or sialylated complex glycans, etc. 53 Structuresensitive N-glycan profiling identified hundreds of glycan peaks per haptoglobin, including multiple isomers for most compositions. The ECCs in all serum samples (7 commercial standards, 30 healthy controls, and 30 cancer patients) represent a qualitatively similar chromatographic distribution (Fig. 2) . Most haptoglobin exhibited high levels (95.7 to 96.8% relative abundance) of bi-and triantennary sialylation, an established hallmark of haptoglobin glycosylation. Interestingly, 5 major compositions quantitatively occupied over 80% of the total haptoglobin glycans. All observed glycan signals were normalized through total ion intensity for a more direct comparison. The top 35 glycans corresponding to 99% of the total glycan quantity were selected for further analysis of glycosylation changes between the gastric cancer and control groups (Table S3 , ESI †).
Glycan changes of haptoglobin in patients with gastric cancer
From the perspective of glycan branching and decoration related to cancer, 15 N-glycans of serum haptoglobin were grouped together by the following criteria: (1) branching; (2) sialylation; and (3) fucosylation (Fig. 3) . The degree of glycan branching (from bi-to tetra-antennae) as well as sialylation (from non-to three-NeuAc) showed no difference in haptoglobin N-glycans between the gastric cancer and healthy control ( Fig. 3A and B) .
On the other hand, as shown in Fig. 3C , relative abundances of fucosylated glycans possessing mainly one fucose reside were increased in the gastric cancer patients (12.2% to 19.5%), while non-fucosylated N-glycans were reduced in the gastric cancer patients (86.5% to 79.0%). Accordingly, we decided to focus on fucosylation and considered a synergistic effect of haptoglobin glycosylation in patients with gastric cancer. Interestingly, abundances of fucosylation in accordance with antenna were significantly increased (1.63 fold in tri-: p = 0.00002, and 2.24 fold in tetra-antennary: p = 0.00004) as shown in Fig. 3D . This MS-based exploration of haptoglobin N-glycan clearly supports the preliminary serum glycan screening data showing increased binding to AAL lectin in gastric cancer patients (Fig. 1) . Therefore, these results indicate that the increase of fucosylation with highly branched glycans of serum haptoglobin is the key signature associated with gastric cancer. For a more direct comparison of glycan expressions between the gastric cancer and control groups, an individual T-test was performed using 35 major N-glycans selected from commercial haptoglobin glycans having 100% frequency (presence). In particular, eleven N-glycan compositions were found to increase in abundance in patients with gastric cancer (Table 1) . They were only-sialylated and/or fucosylated & sialylated N-glycans, which have mostly branched structures (up to four antenna) and decorated with fucosylation and sialylation. These alterations of the N-glycans were in good agreement with the general feature of malignant cells synthesizing larger N-glycan chains. 15, 54 Taking into consideration our results (Fig. 1, 3 and Table 1 ), especially the fucosylation of serum haptoglobin, might be an important key related to gastric cancer. Fucosylation is an important modification notably associated with cancer 55 and can be catalyzed by several fucosyltransferases (FUTs) in the Gogi apparatus. 51 For example, an increase of a1-3/4 fucosylation reflecting the activation of FUT3-7 has been associated with colon cancer progression. 43, 56 Furthermore, increased core fucosylation catalyzed by a1-6 FUT8 has been demonstrated in AFP, which is used as a hepatocellular carcinoma (HCC) biomarker, and the fucosylated AFP (AFP-L3) is nowadays used for HCC risk assessment. 25 These previous reports support our finding that enhanced fucosylation is related to gastric cancer (Fig. 3) .
Characteristic structural features of haptoglobin N-glycans
To obtain structural information of haptoglobin N-glycans, tandem MS via collision-induced dissociation (CID) was conducted. A representative MS/MS spectrum of tri-sialylated mono-fucosylated tri-antennary N-glycan consisting of ) is shown in Fig. 4 . This is the most abundant species in the fucosylated & sialylated N-glycans and shows a stronger significance in differentiating gastric cancer. 
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antennary fucosylation corresponding to m/z 512.19, not for core fucosylation, were clearly observed in both the bi-and tetraantennary glycan structures (Fig. S4, ESI †) . Attachment of a Fuc residue to the outer arm GlcNAc could result in the formation of a Lewis epitope. 51 Interestingly, through fragment ion analysis of the haptoglobin N-glycan precursor, we could unearth the SLe a or SLe x epitope-specific signature ion corresponding to 57 and enhanced expression levels of Sialyl Lewis antigen-related molecules (e.g., ST3Gal3 and FUT4 mRNA) in carcinoma tissues of gastric cancer patients were reported in previous research. 58 These results support our findings of increased fucosylation on highly branched N-glycans in gastric cancer patient samples, which could reflect the increase of SLe a or SLe x glycan epitopes.
N-glycan signatures of haptoglobin in gastric cancer: a biosynthetic approach
Based on compositional and structural analysis as well as quantitative data of haptoglobin N-glycan, we proposed a 'glycome map' covering hypothetical biosynthetic pathways in order to understand the global features of haptoglobin glycosylation (Fig. 5) . From a clinical perspective, the creation of a comprehensive map incorporating glycan structures and their biological connectivity would not only provide a useful platform to identify a glyco-marker panel but also open up the possibility of elucidating the molecular mechanism underlying the phenomenon. The glycan components accounting for 99% of the total glycan abundances on serum haptoglobin were used in the map (Table S3 , ESI †). Basically, the pathway is constructed depending on known glycobiology. 59 Glycans that might be the bridge between two serial glycosylation steps, mainly in the case of branching extension, is additionally depicted to follow a mainstream pathway (grey area). To be more specific, after splitting the pathway into complex and hybrid types at the key cross point Man 5 GlcNAc 3 , GlcNAc and galactose (Hex) are sequentially added to yield di-, tri, tetra-antennary (black and yellow arrows, respectively), followed by decoration with sialylation and fucosylation (blue and red arrows, respectively). High contents of complex type glycan (especially sialylated) in serum haptoglobin were observed in both the cancer patient and control groups, while high mannose and hybrid type glycans were relatively lacking in both groups. In particular, ten glycans with marked differences in abundance between the control and cancer groups ( p o 0.001, Table 1 ), whose obvious structures were elucidated using tandem MS, were highlighted in the red boxes. Interestingly, their pathway clearly reveals again that highly branched and decorated glycosylation is a universal feature of serum haptoglobin of patients with gastric cancer. Indeed, ten potential glyco-markers commonly bearing sialylation (and fucosylation) are the set of multiple biosynthetically-related family of glycans. In particular, among the potential glyco-markers, several fucosylated & sialylated complex type glycans originating from three different antennary backbones (di-, tri-, tetra-) may be commonly related to the in vivo synthesis pathway of SLe a or SLe x (marked with red star). The sequential biosynthetic processes of SLe a or SLe x are representatively shown in Fig. S5 (ESI †). Briefly, b1,3-and b1,4-galactosyltransferases (b3Gal-Ts and b4Gal-Ts) inceptively synthesize a1-3 disaccharides and a1-4 disaccharides (type 1 and 2 chains). ST3Gal3, a subfamily of salyltransferase (ST), is additionally required to decorate type 1 chains with sialic acid (NeuAc), whereas ST3Gal4 and ST3Gal6 are responsible for type 2 chains decorated by sialylation (blue arrow). Sequential addition of a1,4-and a1,3-linked fucose to type 1 and 2 chains by fucosyltransferase (FUTs) finalizes the biosynthesis of SLe a or SLe x , respectively (red arrow). 58 SLe a and 
Conclusions
This report is the first study to elucidate specific glycan structures as well as glycan variations of serum haptoglobin associated with gastric cancer using an LC/MS-based in-depth glycomic approach. We built up an analytical platform to profile haptoglobin glycans using PGC chip-based nano LC/MS following antibody-assisted targeted purification of haptoglobin, for the purposes of a biomarker discovery of gastric cancer. Glycans were successfully analyzed and the major components of serum haptoglobin are bi-and tri-antennary sialylation, an established hallmark of haptoglobin glycosylation regardless of age, sex, and gastric cancer. However, significant differences between patients with gastric cancer and the healthy controls were easily observable. Interestingly, we found that haptoglobin glycans highly branched and decorated with fucosylation and sialylation were correlated with gastric cancer. Moreover, especially antennae fucosylation in tri-and tetra-antennary sialylated complex type N-glycan, which can be categorized as SLe a or SLe x , was revealed as the leading glycan signature associated with gastric cancer.
The current study demonstrates that shifting from the current paradigm of serum glycan profiling to targeted glycoprotein profiling dramatically enhances the specificity of potential glyco-biomarkers for disease. Further analysis will be performed to obtain site-specific profiling which provides more biological information and thus serves as a significantly larger source of potential glyco-markers. This was a small study with only 60 samples tested. Further testing of these methods will need to be performed before more rigorous training and blinded studies can be performed, but these early results using serum glycomic for gastric cancer show great promise for an eventual use in the clinic. 
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